Abstract-Learning the analysis of electrical circuits represented by circuit diagrams is often challenging for novice students. An open research question in electrical circuit analysis instruction is whether color coding of the mathematical symbols (variables) that denote electrical quantities can improve circuit analysis learning. The present study compared two groups of high school students undergoing their first introductory learning of electrical circuit analysis. One group learned with circuit variables in black font. The other group learned with colored circuit variables, with blue font indicating variables related to voltage, red font indicating those related to current, and black font indicating those related to resistance. The color group achieved significantly higher post-test scores, gave higher ratings for liking the instruction and finding it helpful, and had lower ratings of cognitive load than the black-font group. These results indicate that color coding of the notations for quantities in electrical circuit diagrams aids the circuit analysis learning of novice students.
I. INTRODUCTION

S
UPPORTING novice learners in their initial learning experiences in introductory circuit analysis is often a challenge. Novices typically struggle with their conceptual understanding of electrical circuit quantities and their behaviors in circuits [1] . Also, novices often become overwhelmed by the multiple representations [2] (such as equations, circuit diagrams, and narrated or written explanatory text) employed in circuit analysis instruction.
Generally, successful solving of engineering problems is facilitated by the use of effective representations and being able to transition fluidly between these different representations [3] , [4] . Cognitive models of learning from multiple representations [5] , [6] suggest that effective learning involves selection, organization, and integration processes of the information provided in the different representations. While a wide range of instructional strategies for aiding learning from multiple representations has been examined in the educational psychology literature, as briefly reviewed in Section II, there is a paucity of research on instructional strategies specifically for electrical circuit instruction.
Elementary electrical circuit analysis mainly revolves around the three quantities related by Ohm's Law, namely voltage, current, and resistance. These three quantities typically appear throughout the multiple representations in electrical circuit instruction. This study investigated whether consistent color coding of the mathematical symbols (variables) denoting the three different circuit quantities can facilitate learning from introductory circuit analysis instruction. Specifically, in this study, the equations were integrated into the circuit diagram. The authors had found in a prior study [7] that, while solving a circuit problem, learning is improved by cumulatively (successively) integrating the equations into the circuit diagram, instead of presenting the equations separate from the circuit diagram. Building on the prior study [7] , the present study employs the cumulative equation-integration strategy from [7] in the examination of the effects of color coding. In the present study, the variables for the three quantities were consistently presented either color coded or in black font in the circuit diagrams (in the integrated equations) and in the instructional text prompts.
The study results indicate that the students who learned with color-coded variables achieved significantly higher scores on a problem-solving post-test and rated their cognitive load significantly lower than the students who learned with the black-font circuit variables. An interpretation of these results is that the color coding reduces extraneous cognitive load and facilitates the selection, organization, and integration processes involved in learning introductory circuit analysis.
II. BACKGROUND
A. Challenges of Learning From Multiple Representations
Generally, novice learners in science, technology, engineering, and mathematics (STEM) domains struggle to identify essential information in learning environments that use multiple external representations, such as diagrams, texts, equations, illustrations, and tables, because their existing understanding of the domains is inadequate [2] , [8] - [10] . For effective learning from multiple representations, the novice needs to not only identify the relevant information within each representation, but also understand the sometimes complex relationships between the multiple representations. Understanding these relationships requires that learners pay attention to corresponding elements and form referential connections between representations [11] . Educational psychology research indicates that techniques for 0018-9359 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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effectively focusing learner attention on relevant information facilitate the mental integration processes necessary to develop coherent and accurate mental representations of systems from multiple external representations [11] - [13] . Color in instructional materials may serve as an effective means to direct learners' attention to essential information within provided representations.
B. Overview of Cognitive Load Theory Framework
Cognitive load theory [14] is a widely accepted theoretical framework for the cognitive learning processes involved in learning from multiple representations. The theory considers the intrinsic cognitive load due to the inherent difficulty of the subject matter, the germane cognitive load due to construction of mental (internal) representation of the subject matter, and the extraneous cognitive load due to superfluous cognitive processing induced by the presentation (instructional design) of the subject matter. Instructional designs that induce high extraneous cognitive load can overwhelm the learners' cognitive resources, resulting in reduced learning [14] .
When learning from instruction with multiple representations, the main cognitive processes giving rise to cognitive load are: selecting relevant material from the presented textual and diagrammatic representations; organizing the selected textual and diagrammatic material; and integrating the materials with long-term memory (prior knowledge) [5] .
C. Color Coding in Multiple Representation Instruction
The emergence of color displays spurred research on the effects of colored presentation of instructional materials compared to black-and-white presentation [15] , [16] . Generally, the studies found that the random use of color does not benefit learning. However, employing color as a cue or code for relevant information has the potential to facilitate learning [17] - [21] .
For instruction with multiple representations, e.g., text and diagrams, recent studies have examined the use of color to direct learners' attention to correspondences between representations. The majority of these multimedia instruction studies have considered domains outside of electrical and computer engineering. For instance, Berthold and Renkl [22] examined color coding the correspondences of outcomes of interest in tree diagrams illustrating elementary conditional probability calculations. Ozcelik et al. [23] examined the effects of a form of color coding where labels in diagrams of synapses in the nervous system had the same color as the corresponding terms in instructional text. In a related study, Folker et al. [24] examined the effects of color coding of cell components on learning about mitotic cell division. These prior color coding studies generally found that color coding tends to improve learning performance (as measured with post-tests) and reduce learning time compared to control conditions without color coding.
Color cueing (the color highlighting of the diagram component corresponding to a specific passage of instructional text) is an instructional design technique closely related to color coding; it has also been examined in a few studies. Jamet et al., [25] investigated color cueing of cerebral lobes on learning of the cerebral base of language production. Ozcelik et al. [26] examined the effects of color cueing of the labels of components of a turbofan jet engine in instruction on the conceptual operation of such an engine. Tabbers et al. [27] considered color cueing in a lesson on instruction design principles. These color cueing studies generally found that color cueing improves post-test performance compared to control conditions without cueing.
D. Color Coding in Electrical Engineering Instruction
Few prior studies on color coding in multiple representation instruction considered the electrical engineering domain. In particular, Kalyuga et al. [28] examined the effects of using color to indicate correspondences between circuit components (e.g., circuit breaker and light bulb) depicted in diagrams and mentioned in text. The study [28] focused on the qualitative concept of constructing a closed electrical circuit and did not consider quantitative evaluation of circuit quantities. Kalyuga et al. found that color coding increases instructional effectiveness, i.e., increases the performance on a qualitative post-test while reducing cognitive load, compared to conventional instruction without color coding. Wiebe et al. [29] compared two mental workload measures in the context of electronic circuit instruction. The study [29] considered the impact of color cueing of circuit elements in graphics on mental (cognitive) workload, but did not examine effects of color cueing on learning. Wiebe et al. found that color cueing reduces extraneous cognitive load compared to instruction without color cueing.
Color coding is often employed in electrical and computer engineering instruction. For instance, color has been used to code components of circuit boards [30] and telecommunication systems [31] . Color has also been used to represent concept maps [32] , singularities in robot movements [33] , and terms in digital logic expressions on a K-map [34] as well as frames and phases in communications protocols [35] , [36] . However, these prior studies did not specifically examine electrical circuit analysis instruction, nor did they examine the impact of color coding on learning.
Electrical circuit analysis is a core topic in electrical engineering [37] , [38] , and many aspects of instruction in circuit analysis have been researched. For instance, recent research has focused on project-based learning [39] and strategies for effective practice and study notes [40] - [42] . Popular textbooks on electrical circuit analysis, e.g., [43] and [44] , and recent computer-based electric circuit tutorials [45] employ color coding to illustrate node and mesh equations, while other instructional approaches color code the voltage potential [46] - [48] . However, to the best of the authors' knowledge, the effects of color coding have not been previously examined in the research literature on electrical circuit instruction.
In prior studies [49] - [52] , the authors examined a different research issue related to the representation of electrical circuits on learning, namely abstract representations using engineering symbols (e.g., the zigzag symbol for a resistor) versus contextualized representations using illustrations of everyday circuit elements (e.g., light bulbs). These prior studies [49] - [52] found that abstract representations improve learning compared to contextualized representations. In the prior study [53] , the authors also found that verbal labels for the circuit representations (e.g., labeling the zigzag resistor symbol as representing an "electrical device") assist only with learning from contextualized representations, as the labels foster more active cognitive processing of the diagrams with the familiar contextualized representations. Labels did not aid learning from abstract representations; learning performance was equivalent for abstract representations without labels and for contextualized representations with labels. These prior studies on abstract versus contextualized circuit representations did not examine the impact of color coding.
E. Examined Research Question and Study Hypothesis
The present study complements the existing research literature on electrical circuit analysis instructing by focusing on the comparison of colored-coded and black-font presentation of circuit variables. Specifically, the present study examines the research question of whether consistent color coding of the font for the variables denoting electrical circuit quantities improves learning performance and learning perceptions compared to black font variables. Based on the principles of cognitive load theory and the benefits of color coding and cueing found in prior empirical research studies, the authors predicted that color coding of the circuit variables would improve learning performance and perceptions compared to black-font circuit variables.
III. STUDY METHODOLOGY
A. Design and Participants
The study compared two groups, namely the black-font (B) group with the color-coded (C) group. The study participants were a total of 74 students (34 females and 40 males) in a public high school in the Southwestern US. The mean age of the students was 14.6 years with standard deviation 0.9 years. Each student was randomly assigned to one of the two experimental groups following the procedures for a randomized controlled trial.
B. Instructional Material
The instruction was embedded in an engineering outreach session for pre-college students. The instructional module considered in this study was designed to introduce novice learners without prior engineering or physics knowledge to elementary principles of electrical circuits and analysis of parallel electrical circuits. The instruction was presented through a computer-based multimedia module consisting of the sections: 1) a demographic questionnaire requesting age and gender information; 2) a pre-test of relevant prior knowledge; 3) an instructional session that introduced elementary electric circuit analysis; 4) a practice session; and 5) a survey.
The pre-test consisted of six multiple-choice questions on elementary algebra and elementary single-resistor circuits. Elementary algebra was included in the pre-test since pilot tests [49] indicated that some high school students had weak algebra skills that limited their ability to evaluate expressions with two variables. Each correct answer scored one point, giving a maximum pre-test score of six points. The internal reliability of the pre-test was as measured by Cronbach's .
The instructional session introduced the basic electrical quantities of electrical voltage, current, and resistance by presenting their physical meanings and units. The students were then shown how to evaluate the total resistance of a parallel circuit with given source voltage and resistance values through direct application of Ohm's Law [54] and Kirchhoff's Current and Voltage Laws [55] . The demonstration consisted of three steps: first, to observe that each parallel resistor experiences the source voltage and find the current through each resistor with Ohm's Law; second, to add the currents through the individual parallel resistors to find the total current flow; and third, to divide the source voltage by the total current to find the total resistance.
For each screen of the instructional session, the computer-based multimedia module displayed a circuit diagram, such as the example in Fig. 1 . Building on the authors' prior studies [49] - [52] indicating that abstract representations of the circuit elements better foster learning than contextualized representations, the present study employed abstract representations. Moreover, building on the authors' prior result [53] that verbal labels for the symbols in the circuit diagram do not significantly improve learning from abstract circuit representations, the present study employed abstract representations without verbal diagram labels. Concurrently, audio narration of the accompanying instruction test was played out. The students progressed through the module at their own pace by clicking a "Continue" button that was enabled after the narration for the screen had concluded.
The practice session provided the students with four isomorphic parallel circuit problems. Each problem was represented by a circuit diagram in the top half of the screen, as in Fig. 2 . For each solution step, the student was prompted for a solution attempt, with the prompt appearing in the bottom half of the screen, as illustrated. After submitting the solution attempt, the student received immediate corrective and explanatory feedback [56] . The authors' prior study [56] had found that such immediate feedback improves circuit learning for novice learners compared to delayed feedback. Specifically, for a correct solution attempt, the module confirmed the correctness, while for an incorrect attempt, the module showed the correct solution as well as an explanation of the correct solution.
Throughout the instructional and practice sessions, as the demonstration or problem solution progressed, the (In order to avoid distracting the pre-college students with challenging arithmetic or prefixes, e.g., "k" for "kilo," the circuit parameters were chosen to given circuit quantities in integers or simple fractions.) corresponding equations were cumulatively integrated into the circuit diagram [7] . For instance, at the beginning of the demonstration in the instructional session, only the given source voltage and resistance values and were integrated into the circuit diagram, as illustrated in Fig. 2 . As the demonstration progressed through the three solution steps, the corresponding equations for the individual currents and , then the total current , and finally the total resistance were successively added into the circuit diagram, arriving at the diagram shown in Fig. 1 . Analogously, for the practice problems, the equations corresponding to the completed solution steps were successively integrated into the circuit diagrams.
The entire multimedia instructional module, including the instructional and practice sessions, was identical for the two groups, except for the display of the symbols (variables) in the circuit diagrams as well as the prompts and feedback. For the black-font (B) group, all variables were displayed in black. For the color (C) group, all variables were color-coded. Specifically, all voltage-related variables were in blue, current-related variables in red, and resistance-related variables in black.
The computer-based instructional module concluded with a survey consisting of six items that asked the students to rate their perceptions of the learning experience on a Likert-like scale from 1 (strongly disagree) to 5 (strongly agree). The construct validity of the survey items had been verified with the judgment of subject matter experts [57] . Two of the survey items, "I liked the lesson" and "I enjoyed learning with the lesson," related to overall liking of the instruction and had an internal reliability as measured by Cronbach alpha of . Similarly, two items related to the helpfulness of the module had an . Perceived cognitive load [58] , [59] was assessed with two items adopted from [60] , "The lesson was difficult" and "Learning the material in the lesson required a lot of effort", and had an .
C. Post-Test
The post-test was given in black print font on white paper after completion of the computer-based instructional module. The post-test contained four problems that were isomorphic to the problems in the instructional module. Specifically, the test contained four problems with novel surface features that could be solved with the same solution strategy as demonstrated and practiced in the instructional module. Two engineering instructors without knowledge of the experimental groups scored the post-tests by assigning one point for each correct solution step. The maximum post-test score was 12 points, and the post-test had an internal reliability of Cronbach's .
IV. RESULTS
A preliminary analysis confirmed that the two groups did not differ in their pre-test scores, , .
A. Learning Time
An independent sample -test indicated that the B group took significantly longer ( s, s) to complete the instructional and practice sessions, i.e., had significantly longer learning time, compared to the C group ( s, s), , , . Bivariate correlations were analyzed between learning time and each of the dependent variables (practice problem and post-test scores, as well as program liking, helpfulness, and cognitive ). In each of the following analyses on dependent variables, instructional time was used as a covariate. Adjusted means (using the covariate to adjust) and standard errors for each of the dependent variables, by experimental condition, are displayed in Table I .
B. Practice Problems
An analysis of covariance (ANCOVA) was conducted, using the total practice score as the dependent variable, experimental condition as the independent variable, and instructional time as the covariate. The results demonstrated that there was a significant difference between the two experimental conditions on practice problems, , , , . The C group outperformed the B group.
C. Post-Test
An ANCOVA was conducted using the total post-test score as dependent variable, experimental condition as independent variable, and instructional time as covariate. The results revealed that the C group significantly outperformed the B group on the post-test measure, , , , .
D. Learner Perceptions
Three separate ANCOVAs were conducted, using student ratings for: 1) liking the program; 2) helpfulness; and 3) cognitive load, as dependent variables, experimental condition as independent variable, and instructional time as covariate. The results revealed that the C group produced significantly higher ratings for program liking, , , , , and for helpfulness, , , ,
. Furthermore, the B group had significantly higher ratings of cognitive load, compared to the C group, , ,
V. DISCUSSION
The study results indicate that the color coding (C) of the electrical circuit variables led to significantly reduced learning time as well as significantly higher scores on the practice problems in the instructional module; it also led to significantly higher scores on the post-test compared to the black-font (B) display for the considered novice learners. These results can be explained through the cognitive processes involved in learning from multiple representations [5] within the theoretical framework of cognitive load theory [14] .
First, the color coding aids the novice learners in selection of the information relevant at each stage of the instruction and practice. For instance, when demonstrating the addition of the individual currents and to obtain the total current , the red-colored circuit variables help in identifying these current related variables in the colored version of the circuit diagram in Fig. 1 compared to the black-font version of the circuit diagram. The B display forces the learners to search for the variables for a particular circuit quantity among the variables for all the other circuit quantities. Such search processes constitute extraneous cognitive load [14] and can be time-consuming [61] . Likely, the extraneous search processes caused the B learners to take significantly longer to complete the instructional and practice sessions in the instructional module.
The color coding may also aid the novice learners in organizing their internal (mental) representation of a given external representation, e.g., the circuit diagram, in that the coloring suggests a strategy for overlaying the circuit variables and the electrical phenomena they characterize, e.g., current flows, on the given circuit (which is drawn in black).
Moreover, the color coding may aid the learners in integrating the different representations by consistently employing the same color for a specific circuit quantity across the different representations. For instance, in the textual prompt given in the practice problem for calculating the individual currents and , the red color for the current variables immediately nudges learners to link these current quantities to the red-colored and in the circuit diagram; see Fig. 2 . Thus, the color coding facilitates the selection, organization, and integration processes [5] that are involved in constructing coherent internal (mental) representations of the electrical circuit analysis knowledge.
In contrast, the black-font (B) display affords the novice learners no help in selecting, organizing, and integrating circuit variables within a given representation and across representations. The B group learners had to expend additional cognitive effort, i.e., extraneous cognitive load, to accomplish the cognitive learning processes of selection, organization, and integration compared to the learners in the C group.
These results are similar to prior studies demonstrating positive learning effects of color coding elements among representations [22] - [28] . However, the present study adds to the emerging understanding of positive impact of color coding in the context of electrical circuit analysis. Prior eye-tracking studies demonstrated that the benefit of color coding multiple representations is probably due to its directing visual attention to relevant and corresponding information between representations [23] , [26] . Similarly, students in this study who received color-coded materials may have benefitted from the direction of visual attention provided by the color coding.
The B group took significantly longer to learn using the instructional module, compared to the C group. Instructional time was significantly correlated to practice and post-test scores, as well as cognitive load ratings. Across experimental groups, the longer students took to learn, the worse their performance on practice and post-test problems, and the more difficult they perceived the instruction to be. Part of this result may well stem from the differing learning times between the experimental conditions.
The learning perceptions results further underscore the benefits of color coding of circuit variables for novice learners. The learners in the color group perceived the instructional module as being significantly more likable and helpful as well as imposing significantly lower cognitive load than did the learners in the B group. It is possible that the higher liking rating for the color version is due to general tendencies for humans to perceive color displays as more likable and enjoyable [15] , [17] . The higher helpfulness and lower cognitive load ratings of the color group complement the higher practice and post-test scores of the color group. The color learners likely felt that the learning was easier and the instructional module more helpful due to the support that color coding provided for their learning processes.
VI. CONCLUSION
The results of the present study indicate that consistent color coding of variables denoting the main different types of circuit quantities, namely voltage, current, and resistance, significantly improves the elementary circuit analysis learning of novice learners. The study results are consistent with theoretical models [5] of learning from multiple external representations, such as text and circuit diagrams. The color coding of the circuit quantities can assist with the selection, organization, and integration of relevant information about the circuit quantities and their interrelationships. In contrast, the uniform black font color for the circuit variables in the black-font display may force the novice learners to search for the circuit variables that are relevant at each stage of circuit analysis, thus increasing extraneous cognitive load [14] . This study thus provides a research base for extending the use of color coding in electrical circuit instructional materials, e.g., [43] - [45] , to the variables denoting circuit quantities.
The present study makes an important original contribution to the scholarship of discovery in the area of effective instructional strategies for teaching elementary electrical circuit analysis to novice learners. The present study has demonstrated that a very simple color manipulation of the variables denoting the circuit quantities brings significant improvements in learning performance and learning perceptions. The authors believe that the simplicity of color coding combined with its high effectiveness makes color coding of circuit variables a very attractive instructional design strategy for teaching circuit analysis.
Color production of paper-based circuit analysis learning materials incurs higher cost than does black-and-white printing. Thus, instructional designers for print circuit instructional materials for novice learners will need to trade off the increased cost with the improved learning and learning perceptions.
Instructional materials presented in a computer-based format, e.g., [62] - [64] , can readily incorporate color. The consistent use of color for the various circuit quantities is recommended based on the results of this study.
There are several important directions for future research on color coding for electrical circuit analysis instruction. The present study considered novice learners (high school students) without prior exposure to circuit analysis. One future research direction is to examine advanced learners (e.g., electrical engineering college students). It is possible that more advanced learners do not benefit significantly from the support provided by color coding as they have already formed highly efficient internal representations (schemata) [14] for basic circuit analysis that allow them to efficiently select, organize, and integrate multiple representation instruction on advanced circuit analysis. Color coding may be a redundant instructional support strategy for advanced learners that, according to the general expertise reversal effect [65] , does not help or may actually impede further learning.
The present study cumulatively integrated circuit analysis equations into the circuit diagram [7] , as illustrated in Fig. 1 . This integration of equations and circuit diagram mitigates the split-attention effect [66] . One future research direction is to examine color coding of circuit quantities in a split-source format where equations are displayed separately from the circuit diagram, requiring the learner to integrate instructional text, equations, and the circuit diagram. It is possible that in such a split-source format, the effect of the color coding becomes more pronounced as the required integration processes are more demanding.
Another important direction for future research is to examine the impact of color coding in different topic areas within electrical and computer engineering, for example in the areas considered in [30] - [36] .
